WW domain-containing oxidoreductase (WWOX), originally marked as a likely tumor suppressor gene, has over the years become recognized for its role in a much wider range of cellular activities. Phenotypic effects displayed in animal studies, along with resolution of WWOX's architecture, fold, and binding partners, point to the protein's multifaceted biological functions. Results from a series of complementary experiments seem to indicate WWOX's involvement in metabolic regulation. More recently, clinical studies involving cases of severe encephalopathy suggest that WWOX also plays a part in controlling CNS development, further expanding our understanding of the breadth and complexity of WWOX behavior. Here we present a short overview of the various approaches taken to study this dynamic gene, emphasizing the most recent findings regarding WWOX's metabolic-and CNS-associated functions and their underlying molecular basis.
The WWOX gene initially became a research target due to its localization in a region of considerable chromosomal instability (16q23.2), at common fragile site (CFS) 3 FRA16D, which immediately marked it as a possible tumor suppressor gene (TSG) (1, 2) . Inactivation of TSGs at CFSs has long been known as a hallmark of cancer (3) . CFSs are evolutionarily conserved genomic regions that are sensitive to replicative stress (4) . In 2010, Beroukhim et al. (5) demonstrated that deletion of TSGs spanning CFSs is among the most significant driver events in cancer. Although highly recombinogenic, CFSs are rarely involved in oncogenic activation, suggesting that CFSs are mainly hot spots for inactivation of tumor suppressors (3) . A number of animal studies were conducted on WWOX, and in keeping with the above paradigm, many insights were gained into WWOX's association with cancer development (reviewed elsewhere (6 -10) ). However, a few surprising results led the research in other unanticipated directions, linking WWOX to regulation of metabolic function, as well as neuronal development ( Fig. 1 ). These animal model studies were complemented by studies on the cellular and molecular levels, modeling WWOX structure and identifying its potential binding partners, thus generating a comprehensive functional model of WWOX activity.
This review sketches out how our view of WWOX has evolved over the years, with emphasis on the recent findings that link WWOX to metabolic regulation and CNS homeostasis. We begin with an overview of the original WWOX animal model studies, followed by an outline of subsequent WWOX research performed at the cellular and molecular levels. We review potential WWOX binding partners and their associated cellular pathways. We further define WWOX structure and architecture, expounding its behavior in the context of its two tandem WW domains and expansive short-chain dehydrogenase/reductase (SDR) region. Taken together, we generate a functional model of WWOX that highlights the versatility of this protein and suggests possible new directions for further study of WWOX's complex nature.
Animal Models
Phylogenetic analysis of WWOX protein sequence revealed evolutionary conservation from insects to humans (11) , including WWOX's functionally important tandem domains WW1 and WW2, which are followed by an SDR domain (Fig. 2 ). As such, various animal models have been engineered, not only to determine WWOX association with cancer, but also to provide an optimal framework for researching WWOX function in humans in general.
Rodent Models: Initial Studies on WWOX and Cancer, and Beyond
Because murine WWOX shares 94% sequence identity with its human homologue, and, notably, a CFS (FRA8E1) (12), Wwox-null mice can be assumed to display phenotypic effects similar to those seen in connection with human WWOX loss. In 2007, we generated the first of these models on congenic B6-129 mixed genetic background, leading to observations of focal lesions resembling osteosarcomas in offspring homozygous for Wwox deletion, as well as enhanced spontaneous and induced tumor incidence and multiplicity in heterozygous offspring (13) (14) (15) . The Aldaz group (16) also reported that Wwox hypomorphic mice display increased incidence of lymphomas. This nicely fits the theory that WWOX is indeed anti-oncogenic.
However, we also found signs of growth retardation and premature death due to severe metabolic defect exhibiting signs of hypoglycemia, hypolipidemia, and hypocalcemia (15) . WWOX deficiency was also associated with osteopenia and bone metabolic defect and steroidogenesis impairment (17, 18) . These unexpected results suggested a causative effect not only of WWOX deletion in cancer onset, but also in metabolic malfunction (19) . Furthermore, these same Wwox-null mice exhibited spontaneous and audiogenic seizures (20) , 4 which, in retrospect, is a finding remarkably consistent with recent studies linking WWOX and neurodegenerative diseases described later in this review. These phenotypes were recapitulated in other mouse models carrying a conditional loxp site when bred with a general delete EllA-Cre (21, 22) , confirming WWOX in vivo requirement for these phenotypes.
Of important note, in 2009, Suzuki et al. (23) reported a 13-bps deletion in exon 9 of the Wwox gene in Lde/Lde rats (lethal dwarfism with epilepsy), a frameshift that changes its C-terminal protein sequence starting from position 371. They demonstrated that it is associated with seizures, lethal dwarfism, and epilepsy (23) . Nevertheless, no tumor phenotype was observed in the Lde/Lde rat model, perhaps suggesting the significance of genetic background or differences of tumor dynamics. Another valid possibility is that WWOX could be more important for tumor progression, requiring another hit for tumor initiation. Alternatively, distinct regions in WWOX could be responsible for distinct functions. Altogether, these findings suggest that the different rodent models are useful for understanding multiple WWOX functions in vivo.
Drosophila melanogaster: Connecting WWOX to Metabolism
Sharing only ϳ50% sequence identity with human WWOX (11) , fruit fly models containing the dWwox orthologue have their limitations. Even if the fundamental processes between human and fly are somewhat similar, their implementation is often very different (24) . Analysis of complex processes and modeling multifactorial human diseases is a challenge in D. melanogaster, although it could serve as a good initial screen that requires further validation in human settings. Drosophila models have in particular contributed to the further appreciation of WWOX's role in regulating mitochondrial metabolism (discussed in detail later in this review). By demonstrating the association of WWOX loss or its reduced expression (using siRNA) with enhanced aerobic glycolysis and reduced mitochondrial function (11) , the D. melanogaster model supports the association between WWOX and metabolic function that was noted earlier on in the rodent models described above (15, 17, 22) . Furthermore, altered levels of WWOX in D. melanogaster were recently shown to eliminate tumorigenic cells in the fly through TNF␣/Egr modulation leading to caspase-3 activity alteration and cell death promotion (25) . In contrast, little is known about neurological related phenotypes in dWWOX loss in D. melanogaster. Because the fruit fly genetic model is easy to manipulate genetically, further work should be pursued with these models to study context-and tissue-specific WWOX deletion, e.g. in neurons.
Zebrafish: Another Potential Model Organism for the Study of WWOX
Most recently, Tsuruwaka et al. (26) have demonstrated that depletion of WWOX in zebrafish (70% sequence identity with the human WWOX protein), using siRNA or antisense morpholino, is associated with reduced calcium levels, similar to the hypocalcemia displayed in Wwox-null mice described above. These knockdown fish displayed additional changes associated with growth retardation, postnatal lethality, altered calcium dynamics, and bone defects: phenotypes that very much resemble the Wwox-null mice (15, 17, 22) . Thus, the zebrafish could serve as an additional vertebrate model for understanding molecular mechanisms of WWOX loss in human diseases (27) . Altogether, it is very obvious that modeling WWOX loss using animal models significantly contributed to our understanding of WWOX functions, not only in cancer but also in homeostasis.
Expanded Search: The Many Faces of WWOX Unraveled by Its Partners
Early animal models made clear the eclectic nature of WWOX. Phenotypic effects of altered WWOX expression marked the protein not only in association with cancer onset, but metabolic regulation and CNS development as well. In an effort to explain WWOX involvement in these three divergent systems, our group sought to identify potential partner proteins of WWOX belonging to cancer-, metabolic-, or CNS-related pathways. Identification of a WWOX partner protein in one of these pathways would implicate WWOX as an acting member of the respective system. By defining the WWOX interactome, we assumed that we would uncover WWOX's putative roles and explain many of the phenotypes observed in animal models and human patients.
WWOX contains two WW domains and an expansive SDR region. WW domains mediate many regulatory interactions by Overview of the biological effects of WWOX loss on signaling pathways. WWOX is involved in several biological functions through its ability to interact physically and functionally with many proteins. For example, upon DNA damage, WWOX interacts with ITCH and ATM, leading to ATM activation, and consequent activation of ␥H2AX, MDC1, and CHK2. Moreover, WWOX enhances apoptosis through interaction with p53 and p73. At the same time, WWOX inhibits cell growth by inhibiting the Wnt/␤-catenin complex through Dvl1 inhibition. Besides, WWOX modulates cellular metabolism by interacting physically with HIF1␣ and functionally with Idh1. Finally, WWOX inhibits GSK3␤ activity to phosphorylate Tau that is crucial for proper neurodevelopment. Whether DDR proteins such as ATM and p73 are important for the neurodegeneration phenotype upon WWOX loss is unknown.
recognizing PPXY and other proline-rich motifs on their partners (28, 29) . We therefore conducted pulldown experiments to identify and categorize all WWOX WW domain binding partners. In 2004, we reported the first interacting partner of WWOX, p73 (30) . Our strategy was based on "fishing" PPXYcontaining proteins known to interact with WW domains of WWOX expressed as GST fusion proteins in an ELISA-like assay (30, 31) . A list of putative interacting proteins was identified with variable affinities. In vitro GST pulldown and immunoprecipitation assays confirmed these interactions and validated WWOX interaction with p73 (30), ErbB4 (32), AP2 (33), and others (reviewed in Ref. 34 ). Some of these interactions were clinically relevant (35, 36) . In parallel, the Aldaz group also reported selective interaction of WWOX with PPXY-containing proteins (37) such as SMAD3 (38) .
Considering the number and variety of WWOX's PPXY-containing partners, our group took a closer look at the molecular mechanism employed by WWOX's tandem WW domains. Studies have shown that tandem WW domains utilize a variety of strategies to integrate information from binding events (39, 40) . We wanted to determine the strategy specific to WWOX's tandem WW domains. Our group applied a combination of proteomic analysis, GST pulldown, and immunoprecipitation experiments to demonstrate that the main interacting module of WWOX is its WW1 domain (41) . These observations were supported by the work of the Farooq group (42, 43) , demonstrating that the WW2 domain of WWOX shows very low affinity to PPXY partners. Sequence analysis of WW1 and WW2 revealed that the change of a single, highly conserved residue in WW2, Tyr-85, is responsible for WW2's low affinity to the ligand. Indeed, a Y85W mutant is enough to re-establish binding of WW2 to partner PPXY motifs (44) . Thus, it has been suggested that the specific mechanism used by WWOX's WW domains is that of a chaperone effect, with WW2 regulating binding of WW1 to its partner, either by stabilizing WW1 and thereby increasing binding affinity (44) or by binding to WW1 in an orientation that occludes the PPXY binding site, generating an internal interaction that can compete with interactions with partners (42, 43) .
Whatever its strategy, it is clear that WWOX's tandem WW domains provide the protein with the ability to bind a wide range of different partners, as is evidenced by our pulldown experiments, along with the divergent systems affected by its altered expression. In keeping with findings from earlier animal studies, several of WWOX's putative interacting proteins have been identified as members of CNS-, metabolic-, or cancer related pathways, confirming the link between WWOX expres- sion alteration and the phenotypic effects noted above. This will be elucidated in the following sections.
Complementary Findings: Toward a Comprehensive Picture

WWOX and Metabolism
Reports of functional interactions of dWWOX in the animal models described earlier in this review have shown that it functionally interacts with mitochondrial proteins including isocitrate dehydrogenase (IDH) and superoxide dismutase (SOD1) (45) . These results led to the proposal that WWOX plays a role in regulating reactive oxygen species (ROS) and mitochondrial metabolism. Using microarray and proteomic analyses on dWwox-manipulated flies, the Richards lab (45) demonstrated that WWOX functionally interacts with mitochondrial proteins and modulates ROS levels. Importantly, WWOX levels change dramatically in different metabolic settings, with high levels during oxidative phosphorylation, and inversely, very low levels in conditions in which cells rely on glycolysis, such as exposure to hypoxic conditions (46) . Indeed, we recently reported that WWOX, via its WW1 domain, physically and functionally interacts with HIF1␣ and regulates its transactivation function not only in vitro but also in vivo (47) . These observations suggest that WWOX not only contributes to intracellular metabolic changes, but that in turn its expression is responsive to the metabolic status of the cell, highlighting its critical role in these settings (48) . The fact that changes in WWOX levels might affect glycolysis and ROS levels could be very relevant to its role as a tumor suppressor. Importantly, genetic or pharmacologic depletion of HIF1␣ reverses WWOXmediated phenotypes associated with its loss, including tumorigenesis (47) . Screening for expression of WWOX and GLUT1, a direct target of HIF1␣, in a breast cancer tissue microarray revealed an inverse relationship between these two proteins, confirming that WWOX loss is associated with increased glucose uptake and aerobic glycolysis, likely contributing to metabolism rewiring in cancer cells (47, 48) . Moreover, WWOX's SDR domain, which contains a catalytic site and an NADP binding site (Fig. 2) , may contribute to WWOX's metabolic role, especially through its enzymatic activity in hormonesecreting organs that show high expression of WWOX. Nonetheless, so far no biochemical studies have investigated the enzymatic activity of human WWOX or its SDR domain function. A recent clue came from studying dWWOX, showing that the SDR enzymatic activity of dWWOX is required for its cellular response to metabolic and mitochondrial defects (49) .
WWOX and DNA Damage Response
The association with ROS links WWOX to regulation of the integrity and stability of genetic material. In addition to ROS, integrity is challenged by internal factors such as replication errors, as well as environmental factors, including ionizing irradiation, UV radiation, and chemicals (50) . Our lab uncovered a central role of WWOX in maintaining genomic stability (51) . The first clue came from increased expression of WWOX immediately after DNA damage including DNA double strand breaks (51) and single strand breaks. 5 Proteomic analysis of WW1 domain partners revealed that the ubiquitin E3 ligase ITCH physically associates and functionally mediates Lys-63linked ubiquitination of WWOX, leading to its stabilization and nuclear localization (41) . In the nucleus, WWOX could interact with a number of proteins, including ATM and p73, to mediate efficient DNA damage response such as apoptosis and DNA repair. Our studies clearly demonstrate that WWOX interacts with and activates ATM, leading to increased phosphorylation of ATM substrates including H2AX, MDC1, CHK2, and KAP1 (51) . Upon loss of WWOX, ATM function is hampered, leading to accumulation of DNA double strand breaks and consequently rendering the genome less stable (50) . These observations and others led us to propose that WWOX, itself a product of a fragile region, FRA16D, functions to protect the genome from damage, and only upon its loss is an increase in DNA damage is observed (52) . Because WWOX loss could be associated with unstable genomes, it would be of considerable interest to examine the consequences of treating WWOX-negative tumors with poly(ADP-ribose) polymerase (PARP) inhibitor and/or platinum-based drugs.
It is still a mystery why a gene responsible for maintenance of genome stability should itself be located in a fragile region. Could it be that DNA damage alerts WWOX, and likely other genes spanning CFSs, to activate DDR, but if the damage is too severe, these genes are lost, facilitating elimination of these "bad" cells? In this scenario, WWOX and other products of CFSs may function as electric fuses that "blow up" upon overcurrent to protect from further damage. Although this is a possibility, the picture seems to be more complicated as loss of WWOX is also associated with aggressive traits of cancer cells. This could be dependent on tissue context, as expression of CFS has been shown recently to be cell type-specific (53, 54) . Alternatively, other hits inactivating effectors of DDR, such as p53, could also be involved. Moreover, WWOX up-regulation upon DNA damage could facilitate elimination of damaged cells by activating the apoptotic cascade, or decreasing growth rate. For example, WWOX physically interacts with p73 and functionally promotes apoptosis (30) . The Chang group (55, 56) has also shown that WWOX could interact with p53 and Jnk1 in some cells, mediating cellular apoptosis. In addition, WWOX was reported to inhibit Wnt/␤-catenin complex, inhibiting cell proliferation (57) . Altogether, these observations suggest WWOX as a central player in DNA damage repair and apoptosis.
WWOX in the CNS: Patients and Structures
Early clues that linked WWOX with neurological disorders came from animal models demonstrating that WWOX loss is associated with epilepsy and ataxia (20, 23) . Supporting evidence came from high expression levels of the WWOX protein in the CNS (15, 59, 60) , further indicating a critical role of WWOX in CNS homeostasis. A number of recent studies have demonstrated several WWOX mutations in human patients characterized by early onset of epilepsy, developmental retardation, intellectual deficiency, and neurological manifestations of ataxia (20, (61) (62) (63) (64) (65) (Fig. 2) . The patients described span a wide range of neurological severity, ranging from seizure disorder associated with global developmental delay, progressive microcephaly, bilateral optic atrophy, and spastic quadriplegia in very young age children (as early as 1.5 months) (recently termed WOREE phenotype, for WWOX-related epileptic encephalopathy), to non-progressive microcephaly and less severe phenotype in adolescence-adult with later onset at 9 -12 months (associated with spinocerebellar ataxia type 12 (SCAR12)) (63, 66) . This wide range of phenotypic abnormalities could be due to the nature of these mutations. Relatively milder phenotypes seem to originate from missense point mutations (P47T and P47R, G372R), whereas severe manifestations were observed in nonsense mutations (R54*, K297*, and W335*) or partial/complete deletions (Fig. 2) . Therefore, WWOX genotypes might correlate with the reported phenotypes, although analysis of more patients would be required to further support this relationship.
The mechanism underlying these neurological abnormalities is poorly understood. The Chang group was a pioneer in demonstrating a functional link between WWOX and effectors of the CNS related to Alzheimer disease such as GSK3␤ and the cytoskeletal protein Tau-1 (reviewed in Ref. 67) . Tau is a microtubule-associated protein that has an important role in microtubule assembly and stability. GSK3␤ has a vital role in Tau hyperphosphorylation at its microtubule binding domains. Hyperphosphorylated Tau has a low affinity for microtubules, thus disrupting microtubule stability. It has been shown that WWOX can inhibit GSK3␤ and thus in its absence result in Tau hyperphosphorylation (68, 69) . Whether these effectors are important for the observed SCAR12 and WOREE phenotypes is still unknown. The spectrum of mutations in these diseases suggests that the WW1 domain, the nuclear localization sequence between the two WW domains, as well as the SDR domain are involved. The fact that patients harboring WWOX deletions or truncations exhibit a more severe phenotype suggests that the SDR domain indeed plays a critical role. We propose that the WW1 domain might facilitate interaction with partner protein(s) that in turn allow and modulate SDR function(s). It is also possible that WWOX loss of function associated with unstable genome or impaired ROS levels contributes to the observed epileptic encephalopathies.
Similar to Wwox-null mutant animals that died by 3-4 weeks (17), most severe WOREE patients died prematurely (63) . However, no bone phenotypes or steroidogenesis impairment were reported or noted. Whether these WWOX mutations would also predispose patients to tumor is also unknown, because no tumor phenotype has yet been reported or noticed for them (20, (61) (62) (63) (64) . This is likely due to the short life span of these patients or because other mutations would be required for the appearance of the multistep process of tumor formation. Nevertheless, a genetic variant of the WWOX locus (CNV-67048), which is associated with reduced WWOX expression, has been recently correlated with predisposition to lung cancer and gliomas (70 -72) . Larger studies would be required, and careful analysis of genome integrity needs to be done to further analyze loss of WWOX in cancer predisposition in WOREE and SCAR12 patients.
Further Structural Indications
To the C-terminal side of WW1 and WW2, WWOX contains a third domain, the SDR domain, spanning the majority of the protein chain (Fig. 2) . Included in the SDR are a catalytic site, a proton acceptor site, an NADP nucleotide binding site, a region that mediates targeting to the mitochondria, and a C-terminal extension specific to WWOX and a few other SDRcontaining proteins only. Interactions mediated by the SDR domain of WWOX have also been reported (reviewed in Ref. 8) .
Of particular interest is the interaction of WWOX with Tau and GSK3␤ and its functional outcome in Alzheimer disease (68, 69) . Collectively, the picture emerging from these interactions reveals WWOX as an adapter protein regulating transcription and stability as well as localization of its partners (34) .
Structural Hints through the Lens of Mutations
The structural analyses described throughout this review demonstrate how identification of sequence-based structural elements, particularly domains, within a protein can indicate the protein's cellular activity and molecular mechanism. Along the same lines, recognition of sequence irregularities within these domains can further signify critical aspects of protein behavior. Recently, several CNS-related WWOX point mutations have been identified. Mapping of these neurological mutations together with known cancer-related point mutations onto the domain architecture of our structural model provides even greater insight into WWOX's molecular mechanism.
Although very few WWOX mutations in cancer patients have been located in the WW domain region, recent studies have linked mutations of Pro-47 of WWOX WW1 to the development of severe, early-onset encephalopathy (20, 63) (Figs. 2  and 3A ). Cases of mutation at position 47 were found in two (unrelated) consanguineous families: a homozygous mutation P47T (20) , and a heterozygous mutation P47R with a WWOX exon 1 frameshift allele (63) . Pro-47 is one of the well conserved residues within WW domains. Its role as a molecular "buckle" that maintains the stability of the WW domain's three ␤-strand fold was revealed by the first structure of the domain. Interestingly, this proline interacts with the first conserved W to form the stabilizing "buckle" (73) . Thus, although Pro-47 has not been determined as directly important to facilitating WWOX interaction with its partner ligands, substitution of this highly conserved residue is expected to cause marked destabilization of the protein core (Fig. 3A) , which could in turn lead to changes in the positioning of those residues that are critical for WWOX interaction (20) . Overall, point mutations are associated with less severe phenotypes when compared with the stop codon introduced after the first WW domain (R54*) (61), and mutations that lead to exon skipping or even to the overall loss of WWOX protein expression (see above and Fig. 2) (63, 64) .
Regarding the WWOX SDR domain, those mutations linked to cancer onset (TCGA cBioPortal database) appear to be distributed throughout the whole SDR, both in the conserved Rossmann fold as well as in the ␣-helix extension that is characteristic of a smaller subgroup of SDR homologues (Fig. 3B ). Within the Rossmann fold are highly conserved elements including the protein NADP binding site and the protein cata-lytic site, whose identifying motif YXXXK was confirmed by alanine substitution of residues Tyr-293 and Lys-297. Recently, the Richards group (49) provided evidence that Tyr-288 in dWWOX (equivalent of Tyr-293 in human WWOX sequence) is important for WWOX's cellular response to mitochondrial defects, highlighting the significance of the SDR enzymatic activity in metabolic reactions. The WWOX SDR domain also features a non-conserved insert of a long loop proximal to its catalytic site (residues 265-289). Whether this loop stabilizes the interaction with the C-terminal extension and/or regulates access to the NADP binding site, it is clear that it is critical to WWOX function; the detrimental mutation at Ser-281 is located in this loop, as is Tyr-287, which upon phosphorylation by Ack1 leads to rapid degradation of WWOX (74) . Functional disruption leading to cancer development can easily be surmised from the close proximity of these mutations to any of these functional regions (Fig. 3B) .
In contrast, the sole point mutation in the SDR region linked to CNS disease, G372R (20) , seems to fall on a less constrained part of the protein. Its location on a seemingly non-functional surface region in the divide between the Rossmann fold and the C-terminal extension leaves many questions regarding the effect of the mutation in causing encephalopathy. However, together with the previously reported mutation in the WWOX gene leading to a frameshift starting from position 371 in Lde/ Lde rats that is associated with epilepsy and seizures (23) , this emphasizes the importance of this C-terminal tail for proper neural development.
Conclusion
WWOX, an emerging tumor suppressor, is commonly deleted in cancer, marking an advantage of neoplastic cell growth. Recent evidence, however, has linked WWOX function with metabolism and normal CNS development and disease. Over the years, the advantage of using complementary approaches to research a protein as complex as WWOX has repeatedly been made clear. Studies of WWOX at every level, from sequence to structure to clinical implication, provide a bigger picture of this versatile protein's biological function. However, many questions have gone unanswered, and still more have been raised. The binding partner motifs identified by pulldown experiments demand explanation for WWOX WW1's particular binding affinity. Lab experiments and homology modeling still have a way to go in exposing the exact mechanism behind WWOX activity. Also, studies of animal models challenge the association of WWOX with cancer development altogether, bringing our research full circle by re-examining the most basic, underlying assumptions with which we began. However, despite these loose ends, there is considerable overall complementation and confirmation between studies. Several animal models for WWOX have been generated and are being intensively studied in different settings. WWOX loss is a hallmark of aggressive tumors and specific forms of CNS pathologies. We will continue following WWOX along its many cellular pathways. (76), using Rosetta with the following constraints: fixed backbone design, constrained relaxation, and minimization (77)). Pro-47 is mutated in several patients with reported CNS-related diseases, reducing the stability of WW and consequently its binding to peptide targets (white). The central position in the core of Pro-47 (in magenta) and its interacting residues (in brown) are highlighted as sticks. B, a structural model of the SDR region (generated by the RosettaCM protocol as implemented by the Robetta server (78), starting from PDB ID 3rd5 (58) as a template structure) shows an extended central ␤ sheet formed by Rossmann folds. A sizeable loop insertion located in the central domain and common to both WWOX and the hypothetical protein of structure 3rd5 is colored gray. Catalytic residues identified by alanine scanning are shown as sticks. Left panel: view from the top of the ␤ sheet onto the catalytic site, with cancer mutation positions (according to Ref. 6) highlighted as spheres. Right panel: G372R, the only point mutation associated with CNS-related diseases (highlighted as spheres) is located at the beginning of the C-terminal extension, which is suspected to play a central role in proper neurodevelopment, as suggested by epilepsy and seizures characterizing lde/lde rats lacking that extension due to a frameshift mutation (23) . Basic coloring is kept as in Fig. 2. 
